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ABSTRACT
Kinetic modeling and simulation were used to optimize the firing cycle for
brick. This was done to develop a tool for the brick industry to reduce fuel consumption
and emissions during firing. A kinetic model was built using shrinkage data from
dilatometer measurements and mass loss data from thermogravimetry measurements in
order to predict the density as a function of temperature and time. The density of brick
was related to the absorption coefficient (C/B), an ASTM standard which is related to the
durability of the brick. The kinetic model was used to optimize the firing curve using a
rate controlled sintering (RCS) approach to control the shrinkage during firing, and the
maximum shrinkage rate was found to be 0.07%/minute. The kinetic model proved to be
successful in optimizing the firing curve to get a desired density. The density predicted
from the kinetic model was used as an input into a finite element model, along with the
thermal conductivity and specific heat, using the program ANSYS. The finite element
model was used to predict the internal temperature of the brick during firing. Three
different types of brick were modeled: an uncored solid (paver), a cored solid (C 216),
and a highly cored or hollow brick (C 652).
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CHAPTER ONE
INTRODUCTION
In recent years, the concerns of carbon dioxide emissions have grown due to
increasing concern about global warming. In June of 2009, the House of Representatives
passed H.R. 2454, known as the American Clean Energy and Security Act of 2009 [1],
which aims to regulate CO2 emissions. Additionally, it is possible that the EPA will
regulate carbon dioxide emissions in the future [2]. With several possibilities of
increased regulation, it is important for the brick industry to look for new ways to
decrease their carbon dioxide emissions.
During firing, several reactions occur in the material making up brick. Some of
these reactions are controlled by kinetics, such as dehydroxylation of the clay minerals
and sintering. The material properties (density, thermal diffusivity, and specific heat)
change due to these reactions. Kinetic modeling can be used to model the mass loss and
shrinkage of the material during firing [3,4]. From the kinetic model, the mass loss and
shrinkage can be predicted as a function of temperature and time, and can be used to
model the density during firing. Additionally, the kinetic model can be used to optimize
the firing curve to obtain a desired density and minimize firing time. Other material
properties can be measured at constant heating rates to approximate the material
properties during firing.
Finite element modeling has proven to be a powerful tool for the engineering
industry by its many uses. It has been used to model debris impact on the space shuttle
[5], prosthetic design [6], and even design golf balls [7]. The finite element modeling
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program ANSYS can be used to incorporate the changing material properties, measured
at constant rates and predicted by the kinetic model, to predict the external and internal
temperature of the brick during firing.
The goal of this project is to lay the groundwork for computing tools that can be
used to make the firing process more efficient to reduce fuel consumption and emissions.
The material properties will be defined as a function of temperature, and used as inputs
for the kinetic and finite element models. These models will then serve as tools to reduce
firing time.
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CHAPTER TWO
LITERATURE REVIEW
Reactions During Firing
During firing brick, several processes take place, such as: loss of water (surface
and chemically combined), mineral decomposition, carbon burnout, the quartz inversion,
and vitrification. Most hygroscopic water evaporates close to 100°C [8]. Clays also
loose water through dehydroxylation, which is the removal of chemically combined
water. This reaction occurs at different temperatures for different minerals. For example,
dehydroxylation occurs from about 400°C to 700°C in kaolin by the reaction
Al2O3.2SiO2.2H2O  Al2O3.2SiO2 + 2H2O[9]. Dehydroxylation in montmorillonite
occurs by the reaction Al2O3.4SiO2.H2O  Al2O3.4SiO2 + H2O. The reaction contains
two steps, and the first, larger, reaction in montmorillonite occurs from about 600°C to
800°C. The second, smaller, reaction occurs from about 850°C to 925°C [9]. Muscovite
mica is another mineral that can be present, and it dehydroxylates close to 700°C [10].
Occasionally, the material making up the brick contains accessory minerals such
as pyrite (FeS2) and limestone (CaCO3). Pyrite decomposes by a two step exothermic
oxidation reaction. The first reaction occurs at about 380°C where the pyrite breaks
down into iron sulfide and sulfur dioxide by the following reaction. FeS2 + O2  FeS +
SO2. In the second step, the iron sulfide is oxidized into red iron and sulfur dioxide at
around 412°C. FeS + 7 O2  2Fe2O3 + SO2. Limestone decomposes into calcium oxide
and carbon dioxide at close to 800°C by an endothermic reaction [8].
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Most of the carbon in clays is from decayed plant or animal matter that has not
oxidized from natural processes. This carbon will begin to oxidize at 290°C to 340°C by
the combustion reaction C + O2  CO2, and the reaction occurs mainly at the surface. It
is more difficult for oxygen to get to carbon deeper inside the brick and incomplete
combustion can occur by the reaction C + ½ O2  CO. If the brick is fired too quickly,
vitrification can occur at the surface and keep oxygen from getting to the core of the
brick. When this happens, the carbon left in the core of the brick will react with iron
oxide and, through a series of reactions, form carbon monoxide and FeO and/or Fe3O4.
Bloating may occur when the carbon monoxide tries to make it out of the brick but
cannot because the surface has been sealed by vitrification [8].
The quartz inversion occurs at 573°C at one atmosphere of pressure, and is due to
quartz changing from its low temperature to high temperature form, α to β, Figure 1. The
inversion results in an expansion of the quartz on heating and is reversible. The inversion
is endothermic on heating, and it is exothermic on cooling [9].
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Figure 1 - Pressure temperature phase diagram for SiO2 [11]

When firing brick, liquid formation begins at the lowest eutectic point because the
eutectic composition can be found at points locally in the brick. For the materials used in
brick making, this usually occurs at close to 950°C. This is significantly lower than the
eutectic in the alumino silicate system because impurities, alkali and alkaline oxides, act
as fluxes to reduce the melting temperature. The lowest eutectic temperature is 695°C for
the K2O-Al2O3-SiO2 system, Figure 2, and 740°C for the Na2O-Al2O3-SiO2 system,
Figure 3. Small amounts of liquid form at these lowest eutectic temperatures; however,
no deformation in the material begins until close to 800°C. Local melting will occur
around these fluxes first, and the liquid will migrate to areas of high surface area (high
energy). The liquid has surface tension, and it will draw small particles of high surface
area together to reduce the total amount of surface energy. Thus, shrinkage occurs by
drawing these particles together. Glass is then formed when the liquid solidifies, and it
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acts as “glue” that holds the brick together [12]. The loss of water, vitrification, and
carbon burnout are kinetic processes while the quartz inversion is a thermodynamic
process.

Figure 2 - Phase diagram for the K2O-Al2O3-SiO2 system [13]
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Figure 3 - Phase diagram for the Na2O-Al2O3-SiO2 system [13]

Mercury Porosimetry
Mercury porosimetry can be used to determine the bulk density of a monolithic
sample. The sample of known mass is placed in a cylinder of a known volume and
immersed in mercury. Because the mercury is non wetting, no mercury is absorbed by
the sample. After weighing the cylinder with the mercury and the sample, the volume of
mercury in the cylinder can be determined, and because the cylinder has a known
volume, the volume of the sample can be determined. The density of the sample can then
be calculated [14].
Particle Size
Particle size can be measured by a sedimentation and sieve analysis. The particles
are broken down into three categories: sand (greater than 74 micrometers in diameter),
silt (between 74 and 2 micrometers in diameter), and clay (less than 2 micrometers in
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diameter). Grimshaw gives a similar range for the particle size of sand, silt, and clay
[10].
X-Ray Diffraction
X-Ray diffraction (XRD) has long been a reliable tool for evaluating mineralogy.
XRD can be used to determine how the elements are arranged in crystal form [10].
Laser Flash Analysis
The laser flash method can be used to measure the thermal diffusivity of ceramic
materials at high temperatures [15-17]. In laser flash analysis (LFA), the sample is
coated with a conductive paste and placed in a furnace. The furnace is raised to a certain
temperature and held there until the temperature of the sample is uniform. One side of
the sample is hit with a laser pulse, increasing the temperature of that side. The thermal
response of the laser pulse is then recorded on the other side of the sample. From this,
thermal diffusivity can be calculated and used as an input to calculate the thermal
conductivity. Using this method, the thermal conductivity of the material can be
calculated over a range of temperatures using the specific heat, thermal diffusivity and
density.
Differential Scanning Calorimetry
There are several different thermal analysis techniques to measure how the
properties of the material in the brick change with time and temperature. Differential
scanning calorimetry (DSC) has proven to be useful tool to investigate the exothermic
and endothermic effects of reactions, such as carbon oxidation and dehydroxylation
respectively [18-20].
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There are two types of DSC, power compensation, and heat flux. A power
compensation DSC uses two crucibles, sample and reference. The two crucibles are kept
at the same temperature while exposed to a temperature program, and the heat flow to
each crucible is recorded. In a heat flux DSC, two crucibles are used in the same way as
the power compensation method; however, instead of monitoring the heat flow, the
temperature difference is recorded. After a calibration, the difference in heat flow can be
measured directly. In general, a heat flux DSC is used for high temperature
measurements (above 700°C) [21]. DSC can also be used to determine the heat capacity
of the material as a function of temperature.
Thermogravimetry
Thermogravimetry (TG) can be used simultaneously with DSC or independently
to measure the weight loss of the material as a function of temperature. The crucibles sit
on an analytical balance inside the STA (simultaneous thermal analyzer) furnace and the
mass change on heating is recorded. This can be used to determine how much of a
substance was lost at a particular temperature or over a temperature range where a
reaction takes place, such as dehydroxylation [22,23]. A typical TG curve can be seen in
Figure 4.
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Figure 4 - Typical TG data [24]

Dilatometry
Thermal pushrod dilatometry can be used to measure the dimensional changes
that take place during firing [25,26]. In pushrod dilatometry, a rectangular sample is
placed in a furnace and is fixed on one end. A pushrod is placed against the other end.
Small ceramic discs are placed between the sample and pushrod so the sample does not
stick to the pushrod. As the sample expands and shrinks, the pushrod moves and
measures the dimensional change. By measuring the dimensional changes, the change in
density can be calculated over the range of temperatures the material experiences during
firing. Using the information from these experiments, the thermal properties of the brick
can be determined over the temperatures and heating rates experienced in a kiln. Figure 5
shows a typical dilatometer curve for a heating and cooling cycle.
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Figure 5 - Typical dilatometer data [27]

Color Measurements
The Hunter L, a, b color scale was developed in the 1950’s and 1960’s. The color
space is arranged in a cubic form, Figure 6, where the L axis runs from top to bottom in
the center of the cube, and the a and x axes run through the sides of the cube. L is
between 0 and 100, where 0 is black and 100 is white. Positive values of “a” indicate
red, and negative “a” indicates green. Positive values of “b” indicate yellow, and
negative values of “b” indicate green [28].
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Figure 6 - Hunter L, a, b color space [28]

Saturation Coefficient
The durability of brick is related to the pore size distribution [29]. Water is drawn
into pores by capillary action. If the water is able to freeze it will expand, putting
pressure on the brick. There must be sufficient space in the brick to allow for this
expansion, or the brick may break.
The saturation coefficient, C/B, gives information about the pore size distribution.
In, the 24 hour cold water submersion, water penetrates into the small pores by capillary
action but is not able to penetrate into the large pores because of a lack of capillary
action. When the brick are boiled, the air in the large pores heats up and expands. The
expansion causes an increase in pressure, and the air is forced out of the pores. As the
brick cool, the air left in the large pores cools and contracts, causing a decrease in
pressure. The water is the sucked into the large pores by a vacuum. This measure of the
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ratio of small pores to large pores can be used as a measure of durability. The small
pores will be filled with water from the capillary action, but the large pores will be open
to provide space for the expanding water as it freezes [30].
Kinetic Modeling
Kinetic modeling is a process in which a reaction or process is predicted as a
function of temperature and time. There are two schools of thought on kinetic analysis.
The first is from a more scientific standpoint in that kinetic analysis is used to
characterize the reaction in a chemical or physical sense. The second school of thought is
from a more technical standpoint where the analysis is used as a tool for data reduction,
in that, many data points from multiple measurements are reduced to several parameters,
and as a prediction tool for process optimization. The analysis is performed by
measuring a property at several different constant heating rates or at several isothermal
temperatures. Using only one heating rate is not sufficient because several reaction types
could most likely predict the reaction. However, when multiple measurements are made,
the actual reaction type can be determined because not all of the reaction types that fit the
single heating rate will fit multiple heating rate curves. Arrhenius type equations are then
fit to the data. These equations can then be used to predict reaction rates within the
bounds used for the analysis [4,24,31-34].
Thermokinetics software from NETZSCH has been used as a tool of data
reduction to model the mass loss and sintering of tape cast zirconia with various dopants
[3]. In the study, green tapes were obtained from a company, so the exact chemical
composition of the binder used was not known. Mass loss due to binder burnout was
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measured by TG at heating rates of 2, 5, and 10 K/minute, and multivariate non linear
regression was used to fit the data, Figure 7. A four step process was used, each step
being an nth order reaction. The correlation coefficient of the model to the actual data
was 0.9994. The model was used to determine a heating schedule to obtain a binder
burnout rate of 0.07%/minute for verification. The material was subjected to the
determined heating schedule, and the TG curve was a good fit to the predicted curve by
the model. The sintering behavior was measured with a pushrod dilatometer at the same
heating rates used for TG, and multivariate non-linear regression was used to fit the
model to the data, Figure 8. The curves were split into three sections, binder burnout,
thermal expansion, and sintering. The paper only focuses on the sintering section
because it is of the most interest. The sintering portion was described by an nth order
reaction followed by a diffusion reaction step, followed by two competing reactions (nth
order and Avrami-Erofeev). According to the authors, it is important to have competing
reactions during the sintering step because several processes such as surface, volume, and
grain boundary diffusion can take place simultaneously. From this, the correlation
coefficient between the data and the model was 0.998. The sintering model was then
used to determine temperature programs to yield a shrinkage rate of 0.05, 0.1, and
0.5%/minute. When the material was subjected to this heating schedule, the predicted
model showed good agreement to the actual results. After the model proved to be
successful, it was used, with constraints on the heating rate (a maximum heating rate of
3K/min and a minimum heating rate of 0.1K/min), to optimize the firing process in order
to reduce the time and energy needed to fire the zirconia tapes.

14

Figure 7 - Kinetic model for TG data [3]

Figure 8 - Kinetic model for dilatometer data [3]
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Finite Element Analysis
Finite element analysis has been used to model firing brick [35]. A modular brick
(19.37 cm X 9.21 cm X 5.72 cm) with three core holes consuming 22% of its volume was
modeled. As mentioned earlier, during firing, the thermal properties, such as specific
heat and thermal conductivity, change. However, for simplicity, all material properties
were assumed to be constant values for this study. Additionally, all sides of the brick
were assumed to be heated uniformly. The temperature was increased in such a way that
the temperature difference on heating was not more than 83.3°C (150°F). When the
external temperature reached 1093.3°C (1200°F), the face temperature was held constant
until the temperature difference was 2.8°C (5°F). On cooling, the temperature difference
was set to 2.8°C at the quartz inversion to prevent cracking. The prediction for the firing
time was 330 minutes with these temperature constraints. For the modular brick, the
maximum distance for heat conduction was 3.98 cm. The model was run for cases with
the maximum distance for conduction being 1.27, 1.91, 2.54, 7.62, and 15.24 cm. The
same temperature constraints were used, and the theoretical firing times were determined
to relate the firing time to body thickness. There was a linear relationship between body
thickness and firing time on a log-log plot.
The firing of high voltage electrical insulators has been modeled using finite
element analysis in order to reduce firing time [36]. In this study, cylindrical samples of
an alumina porcelain were extruded. Dimensional changes of the cylinders were
measured using an optical system with a resolution of 2 µm. Specific heat was measured
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using a DSC, and the thermal diffusivity was measured using LFA. Mechanical
properties were measured at room temperature using quenched samples.
Cylinders were modeled as discs neglecting axial gradients. Material properties
were input as polynomials describing their temperature dependence. The model was used
to determine the maximum stress in the ware during firing. The firing cycle was then
varied to achieve a shorter firing curve without increasing the maximum stress in the
material. A firing curve was developed which reduced the original firing time by 40%.
Fast Firing
Fast firing, as it relates to the brick industry, refers to reducing the time of the
firing cycle to reduce energy consumption and increase production rates. Research has
mainly been performed on two ways of reducing firing time. The first is to add high
energy pore forming agents, such as sawdust or paper making sludge to the raw material
[37,38]. These additives are carbon containing and combust during firing, releasing heat
and gasses. In order for this method to be effective, the brick should be highly voided so
that the web thickness is thin. This will give the combustion gasses from the additives
less distance to travel when leaving the material, thus making it easier for the gasses to
diffuse out of the material. Additionally, oxygen must be able to make it to the carbon
containing additives, so that the combustion reaction can occur. The bricks should have
space between them for this to occur, and air should be blown to the internal voids
between the web of the brick. When the pore forming additives burn off, a void is left in
their place. This gives the added benefit of decreasing the thermal conductivity of the
brick, making them better insulators.

17

The second way of reducing firing time is to increase heat transfer to the brick
[39]. Research has been done in order to accomplish this by optimizing the setting of
brick inside the kiln, making highly cored brick, and using high velocity burners. The
goal of each of these approaches is to get the hot combustion air in the kiln to as much
surface area on the brick as possible.
In a traditional tunnel kiln, brick are stacked about 14 high. They are also
arranged to minimize the thickness of the stack, which reduces gaps between the brick
and also reduces air flow around the brick [40]. Swindell Dressler developed a low
profile kiln, in which brick were only stacked two high and the burners were only at the
top of the kiln. This was to increase airflow to the individual bricks, and, therefore, make
the firing process more efficient.
Later, in an experiment by Rimpel [41], vertically perforated bricks were stacked
three high by two wide so that there was no gap between bricks in a model kiln. The
effects of changing the settings on the heat transfer coefficient were studied. It was found
that by reducing the gap between the brick and the roof of the kiln and increasing the
center gap between the two stacks of brick, the average heat transfer coefficient increased
from 17.5 W/(m2*K) to 20.3W/(m2*K).
Another way to increase heat transfer to the brick is to use high velocity burners
which blow hot combustion air at speeds from 30 m/s to 60 m/s. By using vertically
perforated brick with the perforations aligned with the direction of travel in the tunnel
kiln, high velocity burners can be installed so that they blow hot combustion air into the
voids inside the brick [42]. Using this same set up, and vertically perforated brick with
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pore forming agents having calorific values greater than 1000 kJ/kg, a firing curve of
approximately two hours from cold to cold can be obtained [37].
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CHAPTER THREE
EXPERIMENTAL
Green Density
Density measurements of the green material were made using a Micrometrics
PoreSizer 9320 mercury porisimeter. For this, a green brick was dried in an oven at
110°C for twenty four hours and broken into small pieces with a hammer. Two runs
were performed using several small pieces per run. The mass of the samples were
1.5236g and 1.7605g.
Particle Size
Particle size distribution was measured using sedimentation analysis. For, this a
brick was dried for 24 hours at 110°C, and then broken in a jaw crusher. After this, 50
and 100 gram samples were measured and placed in separate containers. The 50 gram
sample would be used for hydrometer readings and the 100 gram sample would be used
for x-ray diffraction (XRD). One gram of sodium hexametaphosphate was added to each
of the samples.

The samples were placed in separate mixing cups, and 300 milliliters of

deionized water were added to each cup, and each sample was mixed for one and a half
minutes in a milkshake mixer to break up the material.
After the suspension was allowed to sit overnight, the 100 gram sample was
poured through a 200 mesh screen over a bucket. Deionized water was used to wash the
material through the screen until the water was clear after passing through the screen.
The particles greater than the 200 mesh size were placed in a pan for drying. The slurry
in the bucket was poured into a 1000 milliliter graduated cylinder making sure to get all
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of the material in the bucket into the cylinder. After pouring the slurry into the cylinder,
a rubber stopper was placed on top and the cylinder was shaken vigorously to ensure that
all of the particles were in suspension.
The same procedure was followed for the 50 gram sample, except after shaking
the cylinder vigorously an initial hydrometer reading was taken. Hydrometer readings
were then taken at 5 minutes, 15 minutes, 30 minutes, 1 hour, 5 hours, and 24 hours after
the initial reading. Temperature readings were taken along with the hydrometer readings.
After each reading, the hydrometer and thermometer were taken out of the slurry, placed
in deionized water at the same temperature as the slurry, and the rubber stopper was put
back on top of the cylinder.
The particles from the 50 gram sample that were too large for the 200 mesh
screen were put in a roto tap for ten minutes with screen decks of 6, 12, 20, 30, 50, and
100 mesh. The amount retained by each screen was recorded.
X-Ray Diffraction
Powders were prepared for X-ray diffraction (XRD) by grinding pieces of an
unfired brick, particles larger than 200 mesh from the 100 gram particle size sample, clay
(top half of slurry in the graduated cylinder from the 100 gram particle size sample) and
silt (bottom half of slurry in the graduated cylinder from the 100 gram particle size
sample) in a Herzog HSM 100 P for 6 minutes. The powders were then dried at 110°C
overnight. X-ray diffraction was performed in a Scintag PAD-V with copper alpha
radiation of 1.54 angstroms from angles of 5° to 65° with a step of 0.2° and a count rate
of four seconds per step. All of the samples were run in the same sample holder and
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position to ensure consistency. The resulting diffraction patterns were analyzed using
Jade 08 software to determine the mineralogical composition of the powders.
Thermal Diffusivity
Samples for thermal diffusivity were machined out of a green brick. The samples
were approximately 10mm by 10mm with a thickness of two to three millimeters. After
machining, the samples were dried at 110°C. The National Brick Research Center does
not have the capability to measure thermal diffusivity, so samples were sent to the
Physics Department at Clemson University and Netzsch in Burlington, MA. At Clemson,
thermal diffusivity was measured by the laser flash method at 100°C to 800°C, taking
measurements at every 100°C and using a heating rate of 10°C/minute between
measurements. However, measurements were needed up to 1100°C to cover the range of
firing temperatures used. Thermal diffusivity was measured from 800°C to 1100°C at
Netzsch by the same method used at Clemson. Thermal conductivity could then be
calculated by the following equation:

Where,

is the thermal conductivity,

is the thermal diffusivity,

is the density, and

is the specific heat [43].
Specific Heat
Brick was broken with a hammer and ground for six minutes in a Herzog HSM
100 P puck mill in order to reduce particle size and homogenize the sample. The ground
sample was then dried for 24 hours at 110°C. DSC measurements were carried out in a
Netzsch STA 449 C. Before measurements were made, the equipment was calibrated.
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First the empty platinum crucible was run through the heating schedule to establish a
baseline. A sapphire crystal standard was then run to determine the sensitivity of the
equipment.
Using a Sartorius CP 224 S analytical balance, 65.5 mg of the sample was placed
in a platinum crucible and compacted for good thermal contact between particles. The
testing atmosphere was a simulated air containing 80 percent nitrogen and 20 percent
oxygen. For the measurements, the sample was first heated to 40°C and held there for 30
minutes to equilibrate. The sample was then heated at a rate of 10°C/minute up to
1000°C. Using Proteus Thermal Analysis software from Netzsch, the specific heat of the
material was calculated from the differential scanning calorimetry (DSC) signal.
Thermogravimetry
Thermogravimetry (TG) measurements were taken using a Netzsch STA 449 C.
Samples were prepared in the same way as DSC samples and tested in the same
atmosphere with the same crucible. A baseline measurement and measurements at
1,2,4,8, and 16 ˚C/minute were taken.
Fourier Transform Infrared Spectroscopy (FTIR) was used simultaneously with
the TG to analyze the evolved gasses during heating in order to detect water vapor and
carbon dioxide being released from the sample.
Dilatometry
Five rectangular samples of the dimensions 6-7 mm square and 24.75-25.25 mm
in length were cut from an unfired brick using a Skil 3375 bench-top sander and then
dried at 110°C for 24 hours. The expansion on heating was measured for 1, 2, 4 , 8, and
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16°C/minute from 35°C up to 1135-1225°C in a Netzsch DIL 402 C. Before
measurement, a baseline was run with an alumina standard with a known thermal
expansion properties at each heating rate. This allows for the thermal expansion of the
equipment to be determined. The data was imported into Netzsch Proteus Thermal
Analysis software where it was corrected by a calibration which accounts for thermal
expansion in the test equipment using the baseline measurements.
Firing Brick
Green brick manufactured using a weathered shale material were obtained from
Pinehall Brick Co. in Madison, NC. Before firing, the brick were dried. Initially the
brick were wet from extrusion, so they were first dried with a fan until no further color
change could be detected to prevent cracking during drying. Then they were dried in an
oven at 110°C for twenty four hours.
To test the effects of heating rate, soak temperature, and soak time, eight sets of
five brick were fired with the following firing curves, Table 1. The brick were cooled at
a rate of -6°C/minute to 650°C and -1.25°C/minute to 500°C before the gas was turned
off. The same cooling curve was used for all firing cycles.
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Table 1 Firing cycles for physical properties tests

Variable: Heating Rate
Time [hr] Temp [°C]
0
25
17.92
1100
19.17
650
21.17
500

Time [hr] Temp [°C]
0
25
8.96
1100
10.21
650
12.21
500

Time [hr] Temp [°C]
0
25
4.48
1100
5.73
650
7.73
500

Variable: Soak Temperature
Time [hr] Temp [°C]
0
25
17.08
1050
18.08
1050
19.19
650
21.19
500

Time [hr] Temp [°C]
0
25
17.92
1100
18.92
1100
20.17
650
22.17
500

Time [hr] Temp [°C]
0
25
18.75
1150
19.75
1150
21.14
650
23.14
500

Time [hr] Temp [°C]
0
25
17.92
1100
19.92
1100
21.17
650
23.17
500

Time [hr] Temp [°C]
0
25
17.92
1100
21.92
1100
23.17
650
25.17
500

Variable: Soak Time
Time [hr] Temp [°C]
0
25
17.92
1100
18.92
1100
20.17
650
22.17
500

Properties of Fired Brick
After the test firings, the color of the brick were measured with a Minolta Chroma
Meter Cr-210, and reported on a Hunter L, a, b scale. One measurement was taken per
sample.
The density, porosity, and absorption coefficient (C/B) of the brick were
measured. The brick were cut so that a cube one inch thick by one inch wide was cut out
of the center of the brick (center sample) and from the center of the edge (edge sample),
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Figure 9. The half that the edge sample was not taken from (half brick) was used for
measuring the density and absorption and called the half brick sample.

(a)

(b)

(c)

Figure 9 – Specimens taken from brick (a) edge sample, (b) center sample, (c) half brick. The brick on the
right is shown for comparison.

All specimens were dried in an oven at 110°C for twenty four hours after being
cut. After drying, the specimens were allowed to cool to room temperature, and their dry
mass was measured in air (

). The half brick were then submerged in water at room

temperature for twenty four hours. After this, the mass of the half brick was measured in
air (

). Before weighing, the excess water was wiped off with a cloth which was

already saturated with water so that water would not be drawn out of the pores. The half
brick (from the twenty four hour submersion test) and cubes (dry) were boiled in water
for five hours and allowed to cool overnight in the water. Their mass was measured
suspended in water at room temperature (

. The excess water on the surface was

wiped off with a cloth already saturated with water, and their mass was measured in air
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(

. Each measurement was taken once for each sample. The bulk density, apparent

density, and porosity were calculated by the following equations [44]:

The density of the liquid (

) was assumed to be 1 g/cm3.

The saturation coefficient is the percentage of cold water absorbed divided by the
amount of boiled water absorbed and was calculated by the following equation using the
method from ASTM C 67-07a [45]:

Where,
24 hours, and

is the weight of the half brick after being submerged in cold water for
is the weight of the half brick after being submerged in boiling water

for 5 hours. Additionally, for comparison, five brick fired in the factory were tested in the
same way.
Kinetic Model
The corrected dilatometer data was imported from Netzsch Proetus Thermal
Analysis into Thermokinetics 3 software from Netzsch which was used to create a
shrinkage model starting at 600°C. At first, single step non linear regression was used to
determine what types of models were good fits for the data. Multiple step non linear
regression with a final stage competition reaction was then applied using the models that
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fit parts of the data until the model with the best fit was determined, and the data was
reduced to a few mathematical parameters that describe the model.
A kinetic model for TG was made over the temperature range of 200-900˚C in the
same way as the shrinkage model. Multiple step non linear regression was used to
determine the model of best fit.
The kinetic model was then utilized to predict the mass loss and dimensional
change, which was used to calculate the density as a function of temperature. Maximum
mass loss and shrinkage rates for the standard firing curve were predicted by the kinetic
model. Thermokinetic 3 software has a tool that will create a firing curve to give a
constant reaction rate (optimized firing curve) using the mathematical parameters
determined by the kinetic model. The maximum reaction rates predicted from the
standard firing curve were then applied as inputs in the optimization tool along with the
heating rate restraints of a maximum heating rate of 5°C/minute and a minimum of
0.2°C/minute.
Sets of five brick were then fired with the optimized firing curves to specific
target densities to get a desired saturation coefficient. Two types of brick were fired,
pavers (Figure 10, no void) and C 216 brick (Figure 11, about 22% void from three core
holes). Their density and absorption coefficient were measured to verify the kinetic
model. Additionally, sets of five C 216 brick were fired with the same optimal curves.
The density was predicted for the standard and reduced firing curves and used as
an input for the finite element model.
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Figure 10 - ANSYS drawing of the paver used for modeling. Dimensions: 21.5cm x 10.7cm x 60cm

Figure 11 - ANSYS drawing of the C 216 used for modeling. Dimensions: 20.55cm x 9.5cm x 60cm
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Finite Element Model
The program ANSYS was used for the finite element modeling of firing of the
single brick. The brick was drawn using ANSYS, and a mesh of nodes was drawn over
the brick with a spacing of 5mm between the nodes. The accuracy of the results
increases with decreasing node spacing. The material properties (specific heat, density
from the kinetic model, and thermal conductivity) measured earlier were input as a
function of temperature.
Three brick designs were modeled. The first was a paver which has no voids or
core holes. A brick with a low percent void (C 216) with 22% void from three core holes
was used, and a highly voided brick (C 652, Figure 12) with close to a 39% void from
three core holes was used. The paver and C 216 brick were drawn using measurements
from actual brick, but the C 652 brick was not drawn from actual measurements. All of
the brick had the same material properties. Temperature measurements were taken from
the paver and C 216 brick to build and verify the models, but no measurements were
taken from the C 652 brick.
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Figure 12 - ANSYS drawing of the C 652 used for modeling. Dimensions: 20.55cm x 9.5cm x 60cm

In order to model the firing of brick, either the heat flow to the brick or the brick’s
face temperature must be defined. Modeling the heat flow is a complicated problem
including complex fluid dynamics, so for simplicity, the surface temperatures were
measured using type K thermocouples. The thermocouples were attached using a high
temperature glue (Ceramabond 569 from Aremco Products, Inc.), Figure 13 before firing
and Figure 14 after firing. The brick were fired using the following firing cycles, Table
2.
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Table 2 - Standard and reduced firing curves

Standard Firing Curve

Reduced Firing Curve

Time [hr] Temp [°C]
0
25
2.5
475
3.5
550
11.5
1100
13.5
1100
14.75
650
16.75
500

Time [hr] Temp [°C]
0
25
1.25
475
1.75
550
5.75
1100
7.75
1100
9
650
11
500

The standard firing cycle was developed to simulate the firing cycle in a brick
plant. Face temperatures of the brick were recorded every two minutes during firing for
use as inputs into the model.
With all of the inputs (material properties and face temperatures as a function of
temperature), the model was run with iterations between every 90 and 150 seconds.
From the model, the temperature of each node (internal and external) could be recorded
as function of time.
In order to verify the model, thermocouples were buried in the brick during firing.
Holes were drilled to a hot zone, cold zone, and the deepest part of the brick to measure
the temperature at specific locations during firing. The thermocouples were placed at the
location of nodes so that the temperature recorded by the thermocouples could be
compared with the predictions of the model. Verification measurements were taken
using the standard and reduced firing curves. Both firing cycles had the same cooling
curve. For the paver with the full preheat, the measurements to make and verify the
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model were taken during separate firings. However, in all of the other firings, the
measurements to make and verify the model were taken simultaneously.

(a)

(b)
(c)

Figure 13 - Paver with thermocouples attached before firing. Thermocouples at (a), (b), and (c) were used
for verification measurements.
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(a)

(b)
Figure 14 - C 216 with thermocouples attached after firing. Thermocouples at (a) and (b) were used for
verification measurements.
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CHAPTER FOUR
RESULTS AND DISCUSSION
Green Density
The density of dried, unfired material was measured by mercury porosimetry.
The porosimeter used is considered to be accurate within 1% [46]. Two samples were
measured, and their bulk densities were 1.8882 g/cm3 and 1.9286 g/cm3. The variation in
the measurements is most likely due to the large amount of aggregate present in the
material that is not homogeneous. The apparent densities were 2.643 g/cm3 and 2.7031
g/cm3.
Particle Size
The particle size was measured by sieve and sedimentation analysis. Figure 15
shows the particle size distribution as cumulative percent finer than (CPFT) versus size.
Particles with a diameter greater than 74 micrometers are considered to be sand, and
particles with a diameter between 74 and 2 micrometers are considered silt. Particles
smaller than 2 micrometers in diameter are considered to be clays and are of the most
interest. The clays are more reactive in that they go through dehydroxylation. The
material is made up of about 20% clay, 40% silt, and 40% sand. The sand and clay are of
the most interest. During sintering, large particles can move towards each other and
oppose themselves and limit shrinkage. The clay is important because it experiences
dehydroxylation.
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Figure 15 - Particle size distribution of the bulk material

X-ray Diffraction
The mineralogical composition of the material was investigated with X-ray
diffraction. Four samples were tested. The first sample included all of the material and
can be seen in Figure 16. The material contains quartz, muscovite, montmorillonite, and
kaolinite. The material was divided into three separate samples: sand, silt, and clay. The
sand contains quartz and muscovite, Figure 17. The quartz is “free” and will go through
the αβ transition on heating. The silt contains quartz and muscovite, but it also
contains some kaolinite, Figure 18. The clay is made up of muscovite and kaolinite, but
also contains small particles of quartz, Figure 19. The kaolinite, muscovite, and
montmorillonite are of interest because they experience dehydroxylation on firing.
Montmorillonite was not found in the clay sample. This is most likely because it showed
preferential orientation because of its plate like structure (it is easy for the plates to “lay
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down”). The sample containing all of the material was able to hinder the orientation, so
montmorillonite was detected.

Figure 16 - XRD of the bulk material

Figure 17 - XRD of particles >74µm
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Figure 18 - XRD of particles between 2 and 74µm

Figure 19 - XRD of particles < 2µm
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Thermal Diffusivity
The thermal diffusivity was measured by the laser flash technique which is
accurate to within ±5% [47]. Measurements from 100°C to 800°C were made in the
Physics Department at Clemson University, and measurements from 800°C to 1100°C
were made at Netzsch in Burlington, MA. The measurement at 800°C from Netzsch was
0.097 mm2/s less than the measurements made at Clemson University. To correct for
this, 0.097 mm2/s was subtracted from all of the measurements from Clemson University
to make the curve smooth. It was decided to subtract the amount because it was a
conservative correction.
Initially, the thermal diffusivity decreased to 500°C due to thermal expansion in
the material. The thermal expansion causes the pores to grow; therefore, the porosity
increases initially. Heat is not transferred through the pores as easily as it is transmitted
through the material. However, when sintering begins, the density increases and the
thermal diffusivity increases, Figure 20.
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Figure 20 - Thermal diffusivity as a function of temperature measured every 100°C.

Specific Heat
The specific heat of the material was needed to calculate the thermal conductivity
as well as make up part of the energy storage term in the heat conduction equation.
Specific heat was calculated from the DSC signal using Proteus Thermal Analysis
software from Netzsch. The results can be seen in Figure 21 below, and the manufacturer
considers the data to be accurate within ±2.5%.
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Figure 21 - Specific heat as a function of temperature measured at 10°C/minute

The first, largest, peak with a maximum of 2.603 J/(g*K) at 513°C can be
attributed to the dehydroxylation of the clay contained in the material. The small peak on
the right side of the large peak occurs at 576°C and has a value of 2.072 J/(g*K) can be
attributed to the quartz inversion.
Thermogravimetry
The mass loss during firing was measured at heating rates of 1, 2, 4, 8, and
16°C/minute. The equipment used had a resolution of 25 ng. At the same temperature,
slower heating rates show a greater mass loss because the reactions have more time to
occur, Figure 22. Most mass is lost through the oxidation of organic carbon (carbon burn
out) and dehydroxylation of the clay minerals. Oxidation of organic carbon occurs from
about 200°C to 550°C and can be seen by the release of CO2 gas, Figure 23.
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Dehydroxylation of the clay minerals is shown by the release of water vapor and occurs
from about 310°C-700°C, Figure 23.
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Figure 22 - Mass loss at heating rates of 1, 2, 4, 8, and 16°C/minute
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Figure 23 - Mass loss and evolved gas analysis for a heating rate of 8°C/minute
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0

Dilatometry
Dilatometry was needed to calculate the density as a function of temperature and
time and build a kinetic model of the sintering process, and the thermal expansion data
was considered to be accurate within 4.75% [48]. Measurements carried out at various
heating rates (1, 2, 4, 8, and 16°C/minute) are shown in Figure 24. Initially, there was
expansion, which was simply thermal expansion of the material. At close to 500°C, the
rate of expansion increases until about 530°C before the slope changes again. This
change in expansion is due to both the dehydroxylation and the quartz inversion. The
material continues to expand slightly due to thermal expansion until about 800°C when
sintering begins. Slower heating rates show more shrinkage at a specific temperature
after sintering begins. This was because sintering is a kinetic process, and the slower
heating rates allow more time for the process to take place.
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Figure 24 - Dilatometry curves for heating rates of 1, 2, 4, 8, and 16°C/minute

Properties of Fired Brick
The main properties of interest for the half brick were the density, porosity, and
saturation coefficient (C/B) because these properties are related to the durability of the
brick. The density decreased, and porosity increased, for faster heating rates to 1100°C
with no soak, Figure 25. The density increased, and porosity decreased, with longer soak
times at 1100°C, Figure 26, and with higher soak temperatures, Figure 27. In all cases,
the longer the brick were fired and the higher temperature the brick were fired to led to
increased density, which is to be expected. Longer firing times produce higher density
because the sintering reaction is allowed to occur for a longer period of time. Higher
temperatures increase the density because more energy is delivered to the brick which
drives the sintering reaction further.
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Figure 25 - Bulk density and apparent porosity of half brick fired at 1, 2, and 4°C/minute
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Figure 26 - Bulk density and apparent porosity for half brick fired at 1°C/minute to 1050°C, 1100°C,
1150°C with a one hour soak
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Figure 27 - Bulk density and apparent porosity of half brick fired at 1°C/minute to 1100°C for soak times
of 1, 2, and 4 hours

The bulk density inside the brick lagged behind the density of the outside. This
was expected because temperature of the inside will lag behind the face temperature. For
longer firing times, the difference decreased because more heat was able to reach the
center of the brick to increase its density, Figure 28. However, the apparent density of
the center of the brick was slightly higher than the outside of the brick on average, Figure
29. This could be due to a number of possibilities including entrapped gasses and
reduced sintering possibly caused by trapped water vapor that was able to hinder the
dehydroxylation.

46

0.090

Difference Between Outside and Inside Bulk Density

0.080

0.070

0.060

0.050

0.040

0.030

0.020

0.010

0.000
1.950

2.000

2.050

2.100

2.150

2.200

2.250

2.300

Bulk Density of Half Brick [g/cm3 ]

Figure 28 - Difference in bulk density between cubes taken from the outside and center of the brick
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Figure 29 - Difference in apparent density between cubes taken from the outside and center of the brick

The C/B decreased with increasing density by a linear relationship, Figure 30.
As the density increases, the percent of cold water absorbed decreases, and the percent of
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hot water absorbed increases slightly, Figure 31. The total percent water absorbed
decreases as density increases because the total porosity decreases. The percent of cold
water from the total water absorbed decreases and the percent of hot water from the total
water absorbed increases with increased density, Figure 32. During sintering, small pores
shrink and are annihilated and coalesce to form larger pores. This causes the percentage
of pores that are small to decrease and the percentage of pores that are large to increase.
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Figure 30 - Relationship between C/B and bulk density for half brick
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Figure 31 - Percent water (hot and cold) absorbed
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Figure 32 - Total water absorbed and changes in the pore distribution

The color of the brick was reported on the Hunter L, a, b scale [28]. The value of
L is between 0 and 100, where 0 is black and 100 is white. Positive values of “a”
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indicate red, and negative “a” indicates green. Positive values of “b” indicate yellow, and
negative values of “b” indicate blue. As the density increases, L decreases, meaning the
brick are becoming more black. Additionally, “a” decreases with increasing density,
meaning the brick are becoming less red. This can be attributed to the reduction of iron
oxide in the brick. Hematite (Fe2O3), which is red, is reduced to magnetite (Fe3O4),
which is black. A good correlation between bulk density and color can be seen in Figure
33-35.
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Figure 33 - Relationship between "L" and bulk density of half brick
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Figure 34 - Relationship between "a" and bulk density of half brick
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Figure 35 - Relationship between "b" and bulk density of half brick
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2.30

Kinetic Model
For the purpose of this work, kinetic modeling was used as a tool for data
reduction and as a prediction tool for process optimization. Dilatometer data was
evaluated in Thermokinetic 3 software from Netzsch to model the sintering behavior
starting at 600°C. The model is only able to predict shrinkage so the thermal expansion
of the material was corrected for in a linear fashion. Below 600°C, the expansion could
not be corrected for because of the quartz inversion which is a thermodynamic process.
The model with the best fit was found by using a two step reaction, A 1 B2C
where 1 is three dimensional Janders type diffusion and 2 is three dimensional diffusion
by Fick’s Law, and the correlation coefficient was 0.9985. Kinetic modeling reduces a
large number of data points to just a few parameters which can be used to predict or
optimize properties. Table 3 shows the parameters for dilatometry and Figure 36 shows
the fit of the model to the data.
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Figure 36 - Kinetic model for dilatometry data. The dotted lines represent the data, and the solid lines
represent the mathematical model.
Table 3 - Parameters defining the kinetic model for the dilatometer data

log A1/s^-1
15.9987
E1 kJ/mol
522.184
log A2/s^-1
6.8037
E2 kJ/mol
260.8435
FollReact1
2.089
LengthDiff 1/%
-6.3685
LengthDiff 2/%
-6.3777
LengthDiff 3/%
-6.0173
LengthDiff 4/%
-5.6791
LengthDiff 5/%
-6.0246

The TG data was modeled to predict the mass loss during firing between the
temperatures of 200°C and 900°C. Most of the mass is lost over this range for the
heating rates used. The best fit to the data was found using a three step reaction,
A1B2C3D, where 1 is an n-th order reaction, 2 is a three dimensional
Janders type diffusion, and 3 is another n-th order reaction. The correlation coefficient
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was 0.9998. The data and fit and the parameters used for the model can be seen in Figure
37 and Table 4 respectively.

Figure 37 - Kinetic model for TG data. The dotted lines represent the data, and the solid lines represent the
mathematical model.
Table 4 - Parameters defining the kinetic model for the TG data

log A1/s^-1
E1 kJ/mol
React. ord. 1
log A2/s^-1
E2 kJ/mol
log A3/s^-1
E3 kJ/mol
React. ord. 3
FollReact. 1
FollReact. 2
Mass Loss 1/%
Mass Loss 2/%
Mass Loss 3/%
Mass Loss 4/%
Mass Loss 5/%
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20.6899
231.0672
6.1188
8.401
169.6694
12.1449
229.831
4.7346
0.17
0.4701
-4.5451
-4.5555
-4.6145
-4.4416
-4.4995

Dilatometry and TG models were then used to predict the shrinkage and mass loss
for a firing curve developed to simulate plant conditions. The maximum shrinkage and
mass loss rates were found by taking the differential of the predicted signal curves,
Figures 38 and 39. The maximum mass loss and shrinkage rates were 0.063 and 0.059
%/minute, respectively.
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Figure 38 - Mass loss prediction for the standard firing curve. The left ordinate axis is the predicted signal
curve, and the right ordinate axis shows the differential of the predicted signal curve.
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Figure 39 – Shrinkage prediction for the standard firing curve. The left ordinate axis is the predicted signal
curve, and the right ordinate axis shows the differential of the predicted signal curve.

Knowing that the original density was 1.9084 g/cm3, the change in mass, and the
change in volume, the density at any instantaneous temperature could then be predicted
by using the TG and dilatometry kinetic models. The density was predicted using a
control volume of one centimeter cubed. The instantaneous mass, m*, was predicted by
multiplying the original mass (1.9084g) by the mass fraction at that temperature for each
firing curve. The instantaneous volume, v*, was then predicted by adding the
dimensional change to the original length (one centimeter) and cubing that quantity. In
the dilatometry model, the initial length is 100%; however, this is incorrect because it
neglects the expansion that occurs before 600°C. The average maximum expansion for
all of the heating rates was found to be 0.9925%, so the initial length used to calculate the
shrinkage was actually 100.9925% of the starting material. The instantaneous density
was then predicted by dividing m* by v*.
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The kinetic model was then used to predict the density needed to get certain
values of C/B using the correlation found earlier. A density of 2.05 g/cm3 was needed to
produce a C/B of 0.78, which is the maximum allowable value by ASTM standards for
severe weather brick. The model was used to produce several optimized firing curves to
get the shrinkage needed to obtain the target density. The TG model was used to
optimize a constant mass loss rate while the dilatometry model was used to optimize a
constant shrinkage rate. Mass loss rates and shrinkage rates of 0.06, 0.07, 0.075, and
0.09 %/minute were used. The lowest rate chosen was 0.06 %/minute because it was the
maximum rate found in the standard firing curve, and the material could handle that rate
without problems, such as cracking due to thermo-mechanical stresses. A maximum
heating rate of 5°C/minute was used as a limit for the optimized curves because this is
close to the fastest heating rate available in most tunnel kilns used today, and the same
cooling curve was used for all firing cycles. A summary of the firing curves can be seen
in Table 5 and Figure 40.
The optimized firing curves maintain a constant shrinkage rate of the material
during sintering. By maintaining a constant shrinkage rate instead of a constant heating
rate, like a more “traditional” firing curve, the firing time is reduced. This is because the
firing schedule has high heating rates where no, or very little, reactions are taking place
but, it has slow heating rates where reactions are occurring to allow time for the reactions
to occur.
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Table 5 – Optimal firing curves predicted by the kinetic modeling software Thermokinetics 3.

Optimized 0.06%/min
Time [hr] Temp [°C]
0
25
1.265
404.54
1.658
474.04
1.768
499.02
3.321
964.83
3.647 1019.13
3.89 1045.07
4.375 1079.36
4.556
1094

Optimized 0.07%/min Optimized 0.075%/min Optimized 0.09%/min
Time [hr] Temp [°C] Time [hr] Temp [°C]
Time [hr] Temp [°C]
0
25
0
25
0
25
1.311
418.2
1.355
430.38
1.399
444.74
1.539
462.49
1.504
460.2
1.481
464.97
1.722
508.74
1.653
497.25
3.251
995.84
3.282
976.71
3.286
986.38
3.621
1053.27
3.525 1021.13
3.479 1022.32
3.922
1084.98
3.664 1040.34
3.739 1056.77
4.026
1096.96
3.872 1061.39
4.205
1100
4.073
1105.08
4.249 1097.858
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Figure 40 - Optimal firing curves predicted by the kinetic modeling software Thermokinetics 3.

Table 6 and Figure 41 show the density and C/B values for pavers fired with the
optimized firing curves. The largest difference between the target density and average
density is 0.008 g/cm3. This discrepancy is only approximately 0.4% off of the target
density, meaning that the model was successful in predicting the density. The C/B,
however, shows more variability. This is to be expected for two reasons. The first is
because the C/B and density do not correlate exactly. Secondly, the C/B is related to the
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pore size distribution, and the model predicts the density, not the pore size distribution.
There could be more than one pore size distribution that would give the same density.
Table 6 – Results of brick (pavers) fired to specific densities by optimal firing curves

Shrinkage Bulk Density Standard Target Density Difference
3
3
3
Rate [%/min]
[g/cm ]
Deviation
[g/cm ]
[g/cm ]
0.06
2.048
0.017
2.05
0.002
0.07
2.042
0.021
2.05
0.008
0.075
2.048
0.027
2.05
0.002
0.09
2.047
0.022
2.05
0.003
0.06
2.092
0.013
2.10
0.008
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Figure 41 – Agreement between C/B and bulk density for brick fired to optimal firing curves.

The density of the C216 brick fired with the optimal firing curves was greater
than the target density, Table 7. The cores allow heat to be transferred to more surface
area of the brick, causing the material temperature to have a shorter lag time than the
material in the pavers. The maximum difference between the actual and predicted
density was about 3.4%.
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Table 7 - Results of brick (C 216) fired to specific densities by optimal firing curves

Shrinkage
Rate
[%/min]
0.06
0.06

Bulk
Density
3

[g/cm ]
2.16
2.12

Standard
Deviation
0.008
0.011

Target
Density
3

[g/cm ]
2.10
2.05

Difference
3

[g/cm ]
0.06
0.07

The model does have several limitations. First, the optimized firing curve was
used as the firing cycle in the kiln. The temperature of brick in the kiln will lag behind
the firing cycle. To fix this problem the heat flow to the brick inside the kiln must be
modeled so that a firing cycle could be developed that delivered the optimized firing
curve to the brick. Another limitation is that the density predicted by the model is the
density at the end of the heating cycle, around 1100°C. As the brick cools, the material
will contract because of thermal expansion, and it will go through the βα quartz
transition which will cause additional contraction. These two processes seem to cancel
themselves out for the firing conditions used for the brick pavers to have a density of 2.05
g/cm3. However, when the C 216 brick were fired, their density was greater than the
target density. Because of the core holes, heat could get to all of the material more easily,
so the temperature of the brick did not lag as far behind the firing schedule. At the end of
the heating curve, the density of the C 216 brick was closer to the target density than the
paver, but when the C 216 brick cooled, it shrank enough to densify more than the target
density. Additionally, the model does not take thermo-mechanical stresses into account.
Brick fired with shrinkage rates of 0.075 and 0.09 %/minute cracked because of stresses
arising from differences in thermal expansion/contraction due to temperature gradients,
Figure 42. Another limitation of the model is due to the temperature range of the data
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used to construct the model. As the temperatures predicted in the optimized firing curve
get further away from the maximum temperatures used to make the model, the model will
become less accurate.

Figure 42 - Crack in a half brick fired at an optimal rate of 0.075 %/minute

Finite Element Model
A finite element model was constructed using the material properties measured
from LFA and DSC, and the predicted density from kinetic modeling. The finite element
model was then used to determine the temperature of the material in the brick during
firing for a standard firing curve and a reduced firing curve. Final surface and internal
cross-sectional temperature distributions of the material can be seen in the Figures 43-54
below. The cross-sectional temperature distributions were taken from the center of the
brick. The final temperature of the brick faces are not equal. In all cases, the coldest face
is the top face. This is because the top is shielded from radiation and the kiln has an
opening at the top. The maximum thermal gradients occur at the coldest face for the
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standard firing curve and at the hottest face for the reduced firing curve because more
time is available for heat to move through the brick in the standard firing cycle.
Additionally, the center of the brick in the reduced firing cycle is colder than the center of
the brick in the standard firing cycle. Higher voided brick show more uniform
temperature distributions in the center of the brick; however, there is still a thermal
gradient at the cold (standard firing curve) or hot (reduced firing curve) face.
Additionally, increased firing time shows more uniform temperature distributions.

Figure 43 - Final predicted surface temperature for a paver fired with the standard firing curve
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Figure 44 – Final temperature distribution for the center cross section for a paver fired with the standard
firing curve.

Figure 45 - Final predicted surface temperature for a C 216 fired with the standard firing curve
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Figure 46 - Final temperature distribution for the center cross section for a C 216 fired with the standard
firing curve.

Figure 47 - Final predicted surface temperature for a C 652 fired with the standard firing curve
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Figure 48 - Final temperature distribution for the center cross section for a C 652 fired with the standard
firing curve.

Figure 49 - Final predicted surface temperature for a paver fired with the reduced firing curve
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Figure 50 - Final temperature distribution for the center cross section for a paver fired with the reduced
firing curve.

Figure 51 - Final predicted surface temperature for a C 216 fired with the standard firing curve
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Figure 52 - Final temperature distribution for the center cross section for a C 216 fired with the reduced
firing curve.

Figure 53 - Final predicted surface temperature for a C 652 fired with the standard firing curve
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Figure 54 - Final temperature distribution for the center cross section for a C 652 fired with the reduced
firing curve.

In order to verify the models, the temperature inside the brick was measured with
internal thermocouples during firing at the location of a node in the model. A
comparison between the predicted and measured temperature can be seen in Figures 55 58 for the various firing curves and thermocouple locations.
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Figure 55 – Verification for the paver fired with the standard firing curve. The verification was made in a
hole drilled to the center of the brick in the top left portion.
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Figure 56 - Verification for the C 216 fired with the standard firing curve. The verification was made in a
hole drilled to the center of the brick in the top left portion.
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Figure 57 - Verification for the paver fired with the reduced firing curve. The verification was made in a
hole drilled to the center of the brick in the top left portion.
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Figure 58 Verification for the C 216 fired with the reduced firing curve. The verification was made in a
hole drilled to the center of the brick in the top left portion.
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The largest discrepancy between the measured and predicted temperatures occurs
in the paver fired with the standard firing curve at low temperatures. This is because the
measurements to make the model and the measurements to verify the model were taken
on separate firings. Before firing began, the brick for the verification was not allowed to
cool down as much after drying as the brick for measurements, thus the measured
temperature is higher than the predicted temperature at low temperatures. On all of the
other brick however, the measurement and verification was done in a single firing, so this
difference was not seen.
There is an endothermic event, indicated by a decrease in the heating rate
measured by the internal thermocouples, from about 550°C to 650°C that is not predicted
by the finite element model. This endotherm is caused by the dehydroxylation of the cay
minerals and the quartz inversion. The finite element model does not show this for
several reasons. First, the thermal diffusivity was measured at intervals of 100°C in a
stepwise fashion. The thermal diffusivity is changing during the dehydroxylation and
quartz inversion because of the heat required for the reactions. Since the thermal
diffusivity was not measured continuously, the full effects of these reactions were not
seen. Additionally, the dehydroxylation affects the specific heat, and the rate of
dehydroxylation is dependent on the heating rate. The specific heat was measured at a
heating rate of 10°C/minute so the endothermic dehydroxylation may not be accurately
portrayed by the model. The experiments to characterize the material were carried out on
a small scale in a controlled reaction environment. Under these conditions, the effects of
mass transport are minimized. However, in the brick, the water leaving during
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dehydroxylation could change the properties of the material in a way that it does not on a
small scale. This could cause the properties measured to be inaccurate when applied to a
large sample.
Smaller differences between the measured and predicted temperature were seen in
the C 216 brick. The thickest cross sectional area for the C 216 brick was less than the
thickest cross sectional area of the paver. Any gasses released during firing could diffuse
out of the C 216 brick more easily which lessened the effect of mass transport on the
material properties. The endotherm due to dehydroxylation and the quartz inversion is
smaller for the C 216 brick for the same reason.
The model can be used to find the node which shows the minimum internal
temperature of the brick. For the paver, this node is located at the center of the brick
because the heat has the farthest distance to travel to this point. The coldest internal node
for the C 216 and C 652 is located at the center of the thickest area between the cores
near the top of the brick. Again, this is where heat has the longest distance to travel, and
it is close to the top which is the coldest face of the brick. The temperature of the coldest
node is plotted for all three models and for both firings, Figures 59 and 60. Higher
percent void shows higher temperatures for a given time. This is because the distance to
the deepest part of the brick decreases with increasing void percent, and heat can be
delivered to more surface area. The faster heating rate shows a larger difference between
the minimum temperatures of the different types of brick. Time needed for the material
to respond to the heat decreases as the void percent increases. The higher voided bricks
have a shorter lag time between the kiln temperature and the internal material
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temperature. This shows that the thermal gradients will be smaller in the more highly
voided brick. Highly voided brick could be exposed to higher heating and cooling rates
because smaller thermal gradients will translate into smaller thermo-mechanical stresses.
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Figure 59 – Predicted minimum temperatures for the paver, C 216, and C 652 fired with the standard firing
curve.
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Figure 60 - Predicted minimum temperatures for the paver, C 216, and C 652 fired with the reduced firing
curve.
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CHAPTER FIVE
CONCLUSIONS AND FUTURE WORK
The kinetic model was successful in predicting the density of pavers and C 216
brick fired to specific densities. Predicted densities were closer to the target densities for
the pavers, which highlights one of the limitations of the model. The kiln temperature is
set to the optimized firing cycle, and the material temperature will lag behind the kiln
temperature, causing the predicted density to be lower than the target density. The
predicted density is the density at the end of the heating cycle (close to 1100°C). As the
brick cool, they will shrink and become more dense, causing the predicted density to be
higher than the target density. These two processes canceled themselves out for the
paver, but because heat could get to more of the surface area in the C 216, the density at
the end of the heating cycle was higher than the density of the paver. The shrinkage on
cooling caused the density of the C 216 to be greater than the target density.
Heating cycles for the optimized firing curves were much shorter (about 66%
shorter) than the standard firing curve, Figure 61. This could translate into large
reductions of fuel consumption and carbon dioxide emissions.
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Figure 61 - Standard and optimized firing curves

The goals of the thesis were met, as the finite element model was able to
accurately predict the internal temperature of the brick during firing over a range of
heating rates. The main limitation of the model was the effect of mass transport on the
material properties during dehydroxylation.

Using kinetic and finite element modeling together will serve as a good tool to the
brick industry to optimize firing curves and brick design. To make these models more
complete, heat transfer to the brick should be modeled. This will allow the optimized
firing curve to be delivered to the brick. Additionally, the shrinkage on cooling should be
modeled. This will determine the maximum cooling rate allowable that will not create
cracks, and the density will be able to be modeled more accurately.
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